This paper is concerned with a discussion of time, some of its biological meanings, its measurement and certain aspects of its implications for psychiatry. No excuse need be offered for the conjunction of these three for, as Bergson remarked, "it is impossible to conceive a hyphen between the before and the after, without an element of memory and, consequently, of consciousness". Time, as experience of duration, is the perception of sequence between sense impressions, between moments of sensation. Since Einstein, time has been joined in marriage with the Euclidean trihedron of space and, symptomatic of this four-dimensional continuum, Minkowski's symbol of time, "t", does not stand for time measurable in conventional units like seconds but in units of the reciprocal of the velocity of light.
There are many aspects of time. Newton found it necessary to postulate an "absolute, true and mathematical time which flowed at a constant rate". As a concept now called "Ephemeris time" it is useful (even if in itself it has no meaning) for it does provide a theoretical background time against which actual duration can be expressed. More practical is sidereal time, wryly labelled "Government time" by Gooddy (1958) and referable to the earth's planetary motion, the time in fact which we commonly employ in our everyday affairs as the reference point of our activities, when we get up at a certain time, eat, go to work, eat again, return to work, fight the traffic and arrive home, eat, and sleep at times which vary little in the established humdrum of our individual life experience.°P resented at the Canadian Psychiatric Association Annual Meeting, Toronto, June, 1963.
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Greenwich time does not flow at a constant rate since it is known not only that the earth's rotation is becoming progressively slower over the centuries, but also that unexplained spurts in rate occur. Different again however is the individual, personal, psychobiological awareness of time, that aspect of it which Bergson called "interior time" and which du Nouy ( 1937) crystallized into a notion of "biological" or "physiological" time. So fruitful has this concept proved that, 25 years later, Professor McCance could choose it as the theme of his 1962 Lumleian Lectures. Commencing with an examination of the predictable precision of the timekeeping of "the course of life" ("few clocks would have kept such good time for so long"), McCance then proceeds to survey the environmental influences brought to bear on the fcetus, the newborn and the developing organism which controls the time-keeping of its destiny by acting as Zeitgebers of its rhythmic functioning.
Physical time is measured by clocks, which enable reliable objective estimates to be given of the intervals between events. In practice, the hands of the clock move over the regular subdivisions of its face, intervals of space being equivalent to intervals of time-a perfect illustration of the space-time continuum, and one which enabled Gooddy (1958) to conclude: "Man, being equipped psychologically with a sense of space and a sense of time, may be considered physiologically as a clock system".
Examples of these conjoined senses of space and time-and hence of biological clock systems, abound in nature and in both plant and animal kingdoms. In plants, endogenous persistent rhythmicities of cell division in unicellular varieties, June, 1964 BIOLOGiCAL CLOCKS 211 and of growth rate and sleep movement in higher forms, occur at a period of about 24 hours while, in animals, emergence rhythms of flies, the skin colour change of many species and the nocturnal motor activity of cockroaches are all similarly geared to a 24-hour cycle. Yet this 24-hour rhythm is but one of the almost limitless number of frequencies to occur spontaneously and Sollberger ( 1962) can claim, "innumerable examples may be cited, with natural frequencies from 2,000 cycles per second to 1 cycle per day, month, year, or longer. There are: rhythmic nervous activity (nerve impulses, EEG, tremor, tapping, chewing, walking and breathing rhythms), rhythmic muscular contractions (wing beats, ear movements in bats, periodic opening of mussel valves, contraction waves in worms, peristalsis, gastric or uterine contractions, heart rates, pulse waves, blood pressure variations etc.); mental, activity rhythms (errors, reaction times, fluctuations in the interpretation of ambiguous optical illusions, judgement of time durations, creativity), variations in depth of sleep or frequency of dreaming, protoplasmic rhythms (contracting vacuoles, ciliary motion, circumnutating movements of growing plant tendrils), cyclic water and ion exchange over cell membranes or electric biopotential fluctuation in plant roots, rhythmic glandular secretion, sexual cycles".
The principle of oscillation lies behind all clock mechanisms. The particular type of oscillator system upon which biological clocks depend is generally thought (Bunning, 1960) to be a relaxation oscillator, i.e. one that operates by the alternation of tension and relaxation. Since Bunning is a botanist, his examples are concentrated in the field of plant physiology but he has proved that extension of the tension phase by a suitable synchronizer will increase the driving force of the oscillator to produce phase advancement and accelerate the clock, while other groups of synchronizers will result in period lengthening and retardation of the clock. In more complex organisms, Pittendrigh (1960) has suggested ensembles of mutually-entrained, non-linear oscillator systems rather than a single central master clock. For man, Gooddy ( 1958) would locate a master regulator of these ensembles within the brain.
In life, movement is of the essence. Regularity of such movement within a space-time continuum constitutes a biological rhythm system, of which countless examples exist to categorize the activities of plants, animals and man. Built into such systems are many of our modern concepts of physiology and the laws on which these concepts depend are largely those of engineering theory. One such concept is that of homoiostasis as it has been progressively refined since Claude Bernard first stated it. "The stability of the internal environment as the condition of a free life" is now considered in cybernetic terms as the operation of a series of multiple interconnected closed loop servosystems employing feed-back mechanisms, usually of the negative type, and actuated by self-sustaining relaxation oscillators, built for stability and variously damped for a relatively rapid return to predetermined reference positions. Viewed in this way, a common denominator can be found to link such phenomena as the sleep-awakening cycle, or the affective changes accompanying the menstrual rhythm and the oscillations in blood sugar following the ingestion of 50 G.glucose, or the awareness changes accompanying the intake of alcohol. Furthermore it is logical to assume that, if physiologic events can be helpfully explained by such principles, then one type of similar explanation for pathological variants of such conditions should serve to provide new knowledge of disease processes.
A practical difficulty in transferring engineering concepts to physiology lies in their mathematical treatment. The essential non-linearity of the information contained in biological loops renders solution of the differential equations of their servosystems far more complicated 212 THE CANADIAN PSYCHIATRIC JOURNAL Vol. 9, No.3 than the more common linear type loops of physical or electrical systems. Many attempts have been made to construct models which will imitate biological loop servosystems. These have been in the main analogue computer-type oscillators and Schmitt (1962) has recently summarized the practical advantages of the ring-type oscillator model over the pendulum or inductance-capacitance type. While the latter certainly affect the exchange of potential and kinetic energy, they are frequency-stable and yield sinusoidal wave forms. The former on the other hand can yield relaxation-type as well as sinusoidal oscillation and can involve two or more rate processes, and these rate processes will control the frequency at which the oscillator will operate.
Biological rhythms are either endogenous or exogenous and the relative independence of many of them is a subject of much current argument. To be truly endogenous, such a rhythm must exist innately and probably as a consequence of an inherited genetic potential to behave in this way (Harker, 1958) . The case for the exogenous nature of apparently spontaneous endogenous rhythms has been argued principally by Brown (1958 Brown ( , 1959 on the grounds that it is impossible to control all exogenous variables during experiments involving spontaneous biological rhythms. The balance of evidence (Cloudsley-Thompson, 1961) favours Harker's view. The matter is complicated by the so-called Zeitgeber effect, i.e. that an existing innate periodicity can be influenced by, and sometimes entrained by, synchronizing factors of the environment. Such variables as light, ambient temperature, and humidity can act as phasing as well as entraining influences and distort an endogenous rhythm to an extent that it may appear to be the actual result of such an environmental factor.
The best investigated biological rhythms are those occupying roughly a 24-hour period. These are often referred to as diurnal but the newer term circadian ("circa-die") is obviously preferable. Pittendrigh (1960) has summarized the present state of knowledge concerning this type of rhythm. Briefly, circadian rhythms are 1) those biologic rhythms whose period is an approximation to the earth's rotation; 2) they are ubiquitous in living systems; 3) they are endogenous, innate and usually self-sustaining oscillations; 4) they occur autonomously at both cellular and whole-organism levels of organization; 5) their periodicity is remarkably precise and has a very small variance. The actual periodicity itself is however open to both spontaneous and induced shifts within a given range characteristic for the individual; 6) species differences occur; 7) the periodicity is relatively independent of temperature variation but it is sensitive to light intensity; 8) circadian rhythms are entrainable within limits by environmental light and temperature periodicities; 9) the phase of a free-running circadian rhythm can be shifted by single light or temperature stimuli and the effect will depend upon the phase at which the basic rhythm was disturbed; 10) transients always occur before a new steady state is achieved. We shall see later that these properties of 24-hour rhythms are shared largely by endogenous biological rhythms of other frequencies also and, in particular, by those of direct psychiatric relevance.
Relevance to Medicine in General
Some examples have already been mentioned. Other types of biological clocks, manifesting themselves principally through regularly recurrent physical symptoms, have recently been reviewed by C. P. Richter (1960) . They include cases of periodic fever, food allergy, intermittent hydrarthrosis, cyclic agranulocytosis, Hodgkin's disease, attacks of 213 acidosis and peptic ulcer, and the frequency of the periodicities ranged from 12 hours to over four months. Richter claims that such periodic symptoms are common indeed in medical practice but are often overlooked or ascribed to intercurrent events affecting the patient. He states that he has personal records of over 500 such cases affecting every organ in the body, including the brain, and he considers that the clocks involved are of three types: peripheral and located in the affected organ or tissue; central and located in the thalamus, hypothalamus, reticular formation or posterior hypophysis; and homolostatie, those involved in the interaction between target organs, endocrine glands (thyroid, parathyroid, gonads, adrenals) and the anterior pituitary-hypothalamic axis.
The implications of this new look at the phenomena of general medicine are many. Some have been known for a long time (such as the periodic migration of microfilarial infestation of man); for the perception of others, new technological methods have had to be developed (such as telemetering by implanted radiosondes to detect core temperature rhythms [Miles, 1962] ); others again are seen retrospectively in a new light through the fresh windows provided by the clock hypothesis (such as the genetic systems described by Kalmus [1962] and the biochemistry of cellular intermediate metabolism [Cohen, 1963] ).
One fascinating addition must be made to the above list, if only because it belongs to oncology, that bridge between genetics and metabolism and growth and disease. I refer to Harker's (1960) finding that deliberate experimental distortion of the spontaneous innate rhythms of the humble cockroach results predictably in production of metastasizing cancer in that insect's gastrointestinal tract.
Relevance to Psychiatry
Periodic manifestations of mental and emotional illness are common indeed to psychiatric experience. Most practising psychiatrists have observed cases of periodically recurrent schizophrenia, manic-depressive disease, menstrual psychosis, obsessive-compulsive neurosis and even of so-called "reactive depression" where seemingly potent reactive factors do not seem to have the power to evoke a breakdown in a patient with anankastic personality unless they occur at a phase in the patient's cycle at which he is vulnerable to affective change. Karl Kleist and Leonhard were especially interested in what they called the cycloid psychoses and Rolf Gjessing (1936) is well known for his accurate investigations of the metabolic correlates of periodic catatonia. Richter (1960) includes a consideration of cyclic mental disorders in his review of biological clocks, mentioning alongside the more evident breakdowns, not only those of periodic hallucinosis, alcoholism, paranoid states, hypochondriasis, epileptic convulsions, and actual personality changes, but also such psychosomatic disturbances as cyclic migraine and other headaches, and periodic attacks of purpura, urticaria, asthma, angioneurotic oedema, sweating and psychogenic fever. Apparently therefore clocks are concerned very much in psychiatric illness and their investigation may offer clues which eventually could lead to a better realignment of psychiatry with biology and medical science, than has existed in the past.
Just as the clocks investigated by the biologists have concentrated on a circadian-type rhythm, so the clocks observed in psychiatry in the past have tended to report cycles with a frequency of weeks, months or years.
Typical of such time-pulses are the well-described cases of periodic catatonia where spontaneous attacks of stupor or excitement enduring for a week or ten days are predictably separated from one another by an interval of apparent normal well-being of some six weeks. Fig. 1 is a record taken from one such case investigated in Toronto (Bonkalo et al., 1955) where in it will be seen that metabolic There is nothing critical in this recurrence rate however and Fig. 2 flicker fusion frequency), perceptual error (the deviation about the CFF estimation), an aspect of conation or motor perception (the maximum speed tapping procedure, Doust and Coleman, 1956 ) and a metabolic factor (the capillary blood oxygen saturation percentage, Doust, 1952 Doust, , 1962 . All are in phase with the 48-hour long clock timing the outward and subjective expressions of the illness, but closer study of the Figure also suggests that the frequency of an endogenous rhythm found may depend at least in part upon the time intervals adopted by the investigator monitoring them. Superimposed upon the 48-hour long rhythm is a segment of another longer frequency. Evidently therefore, if we had been content to make only weekly observations in this patient we should have discovered a periodicity different from that reported by our daily observations. With this and Sollberger's (1962) points in mind, we set out to discover whether or not a type of clock existed which would demonstrate its presence if the monitoring were made at one-minute intervals of time. Fig. 3 reports the per minute timed clinical observation over one hour of the spontaneous behaviour of a girl who was mute with catatonic stupor. A 23-minute cycle can be established. Fig. 4 shows another patient, the frequency setting of whose clock is affected by schizophrenia. Here again, taking the spontaneous utterances of the subject and their reality relationships as the reference June, 1964 BIOLOGICAL CLOCKS 215 points for tUnIng, a one and one half hour's observation yielded the presence of a series of 15-minute cycles within a longer one whose recurrence rate might be estimated at about 120 minutes. Different in frequency again is the record of the epileptic patient seen in Fig. 5 . Here quality and quantity of speech output during a psychiatric interview were the parameters chosen for timing, and frequencies recurrent at five-minute intervals can be distinguished. Fig. 6 adds further complexity to the analysis of speech production and involves also the phasic recurrence of types of conceptualization within thought processes. The patient was another example of organic brain syndrome and will speak for hours when invited to disclose her history. As the Figure shows, regular patterning can be distinguished which is geared toa frequency of three minutes. Theme 1 was a continuing description of her history; Theme 2 contained positive references to external events; Theme 3 was filled with references to her complaints and feeling states; while Theme 4 contained delusional material. Again, a segment of a longer cycle seems to be contained within the record but the threeminute frequency characterizes the psychopathology with fair accuracy.
There seems little doubt that consciousness of duration (the sense of time) is grossly disturbed in psychiatric patients (Doust, 1955) , and it is therefore not unreasonable to suppose that the biological clocks which serve to characterize them should show settings different from those seen in mental health. Actually, when an attempt was made to assess the precise settings of these "psychiatric" clocks (Doust, 1960) , it was found that statistically significant differentiation could be made, e.g. between the endogenous oscillations of mental health (mean frequency = 6.8 mins., SD = tarded ones of schizophrenia (9.9 min., SD = .31). It is difficult to demonstrate the many ways in which these psychiatric clocks reveal themselves on automatic recording systems because of the large segments of paper involved. Fig. 7 however shows some one-to-two-minute rhythms in the Brinkman harnoreflexion photoelectric oximeter (time marker = 1 min.) in an epileptic girl aet. 21. In the same girl on another occasion, the phase relationships of a clock set at a frequency of four minutes can be seen in Fig. 8 , a record of the continuously monitored skin temperature, respiration rate (anemometer) and heart period (cardiotachometer).
Changes in the breathing pattern used to be considered in psychiatry as commonly due to emotional evocation by reactive stimuli. Figs. 9 and 10 are an example of spontaneously recurrent changes in frequency and depth of respiration (labelled ansernometer in the Fig.) .
The patient is a 44 year old man with general paresis. In the first of this pair of charts, respiration was running at the rapid rate of 21/min., heart rate was regular and the EEG alpha rate was about 10 c.p.s. In Fig. 10 the heart rate is showing greater lability, alpha has almost disappeared and respiration has slowed to Il/min. These two phases of this patient's biological clock were characterized by a five-minute cycle which continued unin- We now turn quickly to some other examples of the ways in which our psychiatric dock may manifest itself and influence the psychophysiology of the patient. Fig. 11 records the spontaneous oscillation of the critical flicker fusion threshold when this is monitored at oneminute intervals over a half hour's period of time. The patient is a female, aet, 40, with paranoid schizophrenia. A freerunning periodicity of 15 minutes is apparent. dock is different at 13 minutes from the previous patient, it is still well within the schizophrenic range.
Tested on another occasion, this time by a maximal speed tapping procedure lasting 15 seconds each session and repeated at minute intervals, the same patient showed a very similar periodicity of 16-minute recurrence rate (Fig. 13) .
By contrast with the timing of the clock in schizophrenia, Fig. 14 shows the results obtained by serial CFF estimations at one-minute intervals in a ten year old mentally retarded boy. The four/fiveminute recurrence rate matches that of organic brain disease. Biological clocks are ubiquitous, as Pittendrigh has stated, and extend all the way from the cellular to the total organism levels of organization. Fig. 16 is an example of their extension down to the Krebs and Dickens cycles of intermediate carbohydrate metabolism. Puncturing the skin of the finger (at points marked P in the chart) and analysing samples of capillary blood drawn at frequent intervals for lactate yields, a cycle recurrent every six/seven minutes in a patient with depression.
An identical manceuvre in a patient with schizophrenia (Fig. 17) evidently involves a clock, the setting of whose pace-maker is retarded-at 12minutes-by contrast with that of the case of depression. The implications of this finding in terms of tissue anoxia are obvious.
Finally, some examples of the properties of this psychiatrically relevant biological clock which suggest that it shares a similar organization with those exhibiting circadian rhythms. Fig. 18 shows that phase shifts in an eight-minute endogenous rhythm can be induced by emotionevoking environmental stimuli. Fig. 19 reveals that the same phase shift can occur when a non-specific perturbation (in this case, light) is allowed to interfere with a free running oscillator.
Lastly, an illustration of neurophysiologic specificity in our clock. In a patient whose dominant EEG alpba rhythm was running at 10 c.p.s., a flashing light stimuli
